Carbon dioxide ion dissociations after inner shell excitation and ionization: The origin of sitespecific effects.
I. INTRODUCTION
The dissociations of positive ions derived from CO 2 have been extensively studied both experimentally 1-20 and theoretically. [21] [22] [23] [24] Attention has recently concentrated particularly on the formation and dissociations of the doubly 5, 7, 10 and triply 11, 12, 25 charged ions from CO 2 , particularly those formed by high energy photon impact. In such a triatomic neutral or singly ionized molecule the density of states is so low that complete randomization of internal energy is not to be expected, and the characteristics of its dissociation depend not only on the total internal energy, but also on the precise way in which it is distributed between quantum states. For highly excited or highly charged ions, although the total internal energy and the density of electronic states can be very much higher, some state-and site-specific behavior may still be expected. In a recent paper Laksman et al. 13 show that ionization of CO 2 by initial excitation of a 1s electron from either the C or the O atom to a π * orbital, thus creating a highly excited state, results in formation of O 2 + ions, presumably by strong bending of the molecule. This reaction is not observed after ionization of CO 2 by other pathways; for comparison formation of S 2 + occurs in valence ionization of CS 2 , 26, 27 but SO + is not detected from OCS valence ionization. 28 Laksman et al. 13 also show by ion-ion correlation that at least some of the O 2 + arises from double ionization, as it is detected in coincidence with C + ions. They suggest that this may be its only formation pathway. In the present work, we test this suggestion by adding electron detection in a multi-particle coincidence study.
In a related earlier work, Öhrwall et al. 7 showed that long-lived CO 2 ++ ions are less abundant in Auger decay from a C1s hole state of CO 2 than from an O1s hole state. This a) Author to whom correspondence should be addressed. Electronic mail:
raimund.feifel@physics.gu.se could be due either to different behavior of specific states populated in the two Auger decays, or to different energy deposition functions in the two cases, the states concerned reacting in the same way once populated. Shibata et al. 29 have now shown by examination of the Auger electron spectra at high resolution that the latter explanation is the more probable, as decay from an O K-hole gives a higher proportion of high energy Auger electrons (low CO 2 ++ internal energy) than decay from a C K hole. This is also consistent with the localization of the π * orbital on the O atom. Both Laksman et al. 13 and Öhrwall et al. 7 also observed that O 2 + is produced less abundantly at the O1s-π * resonance than at the C1s-π * resonance. This might again be due either to a difference in the energy deposition function or to different behavior of specific states populated in the respective decays. We also test these hypotheses.
II. EXPERIMENTAL
This work was done on beamline U49/2 PGM-1 at the storage ring BESSY-II of the Helmholtz Zentrum, Berlin. It used the multi-electron-ion coincidence magnetic bottle developed in Oxford 30, 31 with minor modifications. Briefly, ionization occurs at the crossing of an effusive jet of target gas and the monochromatised soft x-ray beam from the synchrotron radiation storage ring. Once electrons have left the source region an electric extraction pulse is applied to accelerate all ions through the hollow pole of a permanent magnet where they are accelerated further and traverse a drift space before being registered at an MCP detector. Ion and electron flight times relative to the light pulses passed to the apparatus at 10 kHz by our synchronous chopper 32 are digitized and stored on a local computer.
Because of the weaker magnetic field from the hollow magnet compared to the usual conical magnet, 33 the electron energy resolution is about 5%. Mass resolution M/ M for thermal ions is about 150 (FWHM) and remains fully adequate to resolve the product ions from CO 2 in all charge states, even when they carry significant kinetic energies. The measured collection efficiency for electrons is 35%-40% for energies up to 300 eV and probably slightly lower for higher energies. Because of some unintended electric potentials, electrons of energy below 2 eV are not collected, which has some effect on the apparent collection efficiency, depending on the real energy distribution. The effective collection efficiency for thermal ions is about 20%, but ions formed with high kinetic energies are gathered less efficiently. The losses also depend on such ions' angular distributions and spatial distributions within the source region. For this reason, the results given in this paper on relative yields of different ions are qualitative rather than exact. On the other hand the kinetic energies and other characteristics generally change only slightly with internal energy of the parent species, so the data are comparable among themselves. The energy calibration (conversion from flight time to energy) is also affected by the magnetic field and electrode arrangement. No very simple expression is valid over the whole electron energy range needed and instead a polynomial in 1/(t − t 0 ), where t 0 is the common time offset, is fitted by a least squares routine to relate measured times to the known energies of calibration lines.
III. DATA ANALYSIS
Data analysis to determine collection efficiencies and hence branching ratios is based on simple equations for the numbers of true coincidences C. In the expressions below, N is the number of events of the stated type, f e is the collection efficiency for electrons and f i is the collection efficiency for ions.
For a process producing one ion and one electron (parent or fragment from single ionization): C = Nf i f e .
For a process giving one ion and two electrons (p ++ or fragment ++ in double ionization):
If both electrons are detected C = N f i f e 2 . If only one electron is detected C = 2N f i f e (1 − f e ). Because an individual dissociation process cannot be identified from the electrons alone, the cases where only electrons are detected are of no practical interest here.
The factor of 2 arises when one of two indistinguishable particles is detected, such as one of two ions of identical mass (e.g., O
+ + O + /CO 2 ) or one of two electrons from a continuous distribution. Where the electrons are distinguished by energy (e.g., a photoelectron and an Auger electron), the factor 2 is omitted.
These formulae apply strictly to true coincidences. Accidental coincidences must either be subtracted or reduced to a negligible level by use of a low event rate before the formulae are applied. A very low event rate was used in this work. Unwanted real coincidences such as those arising from higher orders of the ionizing light or from secondary processes must also be allowed for if they overlap features of physical interest. As demonstrated in earlier work, 30 , 31 detection of electrons in coincidence with photoions eliminates almost all such interferences.
IV. RESULTS
We made measurements at five photon energies, 95, 290.7, 350, 535.4, and 620 eV. At the three lowest energies there are considerable contributions from second-order light, clearly recognisable in the electron spectra. Other important limitations on the results are that the collection efficiencies for both ions and electrons are rather low, and that there are unwanted electrons, mainly at low energy, arising as secondaries from collisions of primary electrons on solid surfaces (magnet, grids, walls).
We focus first on the question posed by Laksman et al. 13 whose ion-ion coincidence experiment is sensitive only to double (and higher order) ionization processes: is O 2 + produced from one or both of single or double ionization? As a first approach to this question we examine mass spectra coincident with different electrons. Figure 1 shows mass spectra from single and double ionization at 290.7 eV (on the FIG. 1. Mass spectra of CO 2 photoionized at the C1s-π * resonance, 290.7 eV. The single ionization spectrum shows ions detected in coincidence with a single electron of energy in the nominal energy range 250 eV to 300 eV, while the double ionization spectrum shows ions with electron pairs whose summed energy is in the range 150 to 250 eV. Because of the limited energy resolution (∼15 eV at 300 eV), these energies are not sharp cut-offs, and because the electron collection efficiency is not 100%, some double ionization is always accounted as single. Furthermore, because of stray background electrons, some single ionization intrudes into the doubles, but the fraction is very small, as can be judged from the intensities of the parent ion. The same limitations apply as in Fig. 1 . The common intensity scale applies with displacements to the two lower traces, while the uppermost spectrum has been amplified by a factor of ten.
C1s-π * resonance), with selection by the number of electrons detected in coincidence (1 or 2). A comparable set of mass spectra at 350 eV (above the C1s edge and above the related core-valence double ionization energies) is shown in Fig. 2 for comparison. The limited purity of the spectra is explained in the captions.
From Fig. 1 we see that O 2 + ions are apparently more abundant in single ionization than in double ionization, and that the shape of the O 2 + peak is different in the two spectra. In double ionization a double peak is seen, consistent with formation of ions with high kinetic energy and the loss of ions which set off at right angles to the spectrometer axis. In the single ionization spectrum, which contains some double ionization because of the imperfect electron collection efficiency, the O 2 + peak is equally broad but also has a central peak, indicative of low energy ions. The combined observations on intensity and kinetic energy clearly indicate that some O 2 + is formed by single ionization. From the form of the peak it seems that some O 2 + detected in single ionization is nevertheless formed with essentially the same initial kinetic energy as in double ionization. This could happen if in single ionization (simple resonant Auger) the active π * electron is shaken up to a higher orbital from which it can be recaptured by one of the ions departing under Coulomb repulsion within the doubly ionized core. Such shake-up processes are well known in "spectator" resonant Auger decay of small molecules. 34, 35 Figure 2 confirms that no O 2 + at all is formed by single or double Auger decay from the C1s core hole, and only a trace, with low kinetic energy, is seen in valence single ionization at 350 eV. The possibility that this signal is due to contamination by background air cannot be ruled out. The contrast between double and triple ionization spectra shows that the C 2+ ion is formed mainly by triple ionization (double Auger decay). FIG. 3 . Energy spectra of single electrons and electron pairs from CO 2 after photoionization at the C1s-π * resonance in coincidence with the O 2 + ion and with singly and doubly charged parent ions. Note that the scale shows electron energies, so ion internal energies run in the opposite sense. The electron pair signal in coincidence with O 2 + is extremely weak, and we believe that the two high points at 269 and 275 eV are statistical fluctuations. The energy bandwidth is estimated as 15 eV, but the observed widths for electrons with parent ions are between 20 and 25 eV.
As a second approach to the origin of O 2 + we examine electron spectra coincident with different ions. Figure 3 shows electron spectra coincident with O 2 + and with singly and doubly charged parent ions for comparison. The O 2 + ion is found in coincidence with single electrons at binding energies well below the energy onset of the doubly charged parent ion, and in the range where singly charged CO 2 + is formed. In coincidence with electron pairs the signal is extremely weak, but the main region of significant intensity overlaps the range where CO 2 2+ is formed and extends also to lower pair energies, i.e., to higher ion energies.
In a third approach, Fig. 4 displays the coincidence map of fragment ions with single electrons at 290.7 eV. Examination of the line in the map for O 2 + ions shows a broadening of the flight time at lower electron energies (higher ion energies) where double ionization is seen. This is an additional confirmation that at the lower ion energies the molecular oxygen ion is formed in single ionization with low kinetic energy release, but in double ionization at higher energy. The fact that it is there formed with C + partner ions is not in doubt, as it was observed by Laksman et al. 13 who investigated the dynamics in detail, and it is also confirmed here. But if the explanation given above for the formation of high kinetic energy O 2 + is correct, then C + (with O 2 ) ought to be formed by the same mechanism of electron recapture by O 2 + rather than by C + . The second question to be addressed is why the yield of O 2 + is lower at the O1s-π * resonance than at the C1s-π * one. Laksman et al. suggest that the reason is the shorter core-hole lifetime for O (3.5 fs) than for C (6 fs), implying that the essential step is deformation of the neutral molecule in the core-excited state before electrons are ejected. On this FIG. 4 . Coincidence map of fragments detected with one electron after ionization at the C1s-π * resonance. Because of the low electron collection efficiency, double ionization is seen in the map as well as single. Some water contamination is visible at mass 18. interpretation, what happens later is presumably of little importance, and the Auger decay (whether participator or spectator, single or double) must populate states of the nascent ions that dissociate, at least in part, specifically to O 2 + . In the present measurements, the yield of C + + O 2 + is 4 ± 1 times less at the O resonance than at the C resonance, relative to the main ion pair O + + CO + . The difference could in principle be due to a difference in the fraction of Auger decays populating some requisite ionized states (the energy deposition) or to different behavior of the particular sets of ionized states populated in the two cases. To test this, we can determine the fragment branching ratios for the same energy in the nascent parent ions, populated from the two resonances. Because of the low resolution (bandwidth ∼25 eV at 500 eV) it would be meaningless to take a much narrower energy range so we have extracted the branching patterns for 20 eV ranges, ion internal energies 30-50 eV and 50-70 eV in single ionization, from the array in Fig. 4 and the equivalent array at 535.4 eV. The results are shown in Table I .
At the lower internal energy the branching patterns are almost identical at the two resonances, except for the O 2 + intensity. At the higher internal energy there is slightly greater difference in the general pattern, but the very strong contrast in O 2 + intensity remains. From this we conclude, in agreement with Laksman et al. , that the origin of this effect is primarily neither a difference in population of specific ionized states accessed by Auger decays, nor a property of ionized states in a restricted range of internal energy. Instead, the essential process must happen in the initial excited state. There must be a region of the coordinate space, outside the normal FranckCondon zone, which is reached only by nuclear motion in the core-excited state and from which all forms of Auger decay populate regions of potential energy surfaces leading to O 2 + .
The third question to be considered is the origin of the relatively higher yield of CO 2 2+ in ionization at the O Kline than at the C K-line. The difference in the Auger spectra is clearly known 28 but it remains to be seen whether this alone is the vital factor, or whether, within the internal energy range where this ion is formed, for the same total energy deposited, one ionization route is more effective than the other. Double photoionization of CO 2 populates effectively stable bound states of the doubly charged ion from 37.3 eV to 39.2 eV (onset of O + + CO +5 ) and metastable states showing vibrational structure up to at least 47 eV. 9, 36 Within the range of energy just above the double ionization limit, the mass spectrum varies strongly, changing from pure CO 2 2+ to O + + CO + with some remaining CO 2 2+ and later to C + with other products. To test whether the branching in dissociation is a function of energy only, it would be necessary to compare mass spectra from population of the same narrow band of energies, just above or around 39 eV by Auger decay from the two different holes. Unfortunately, the electron energy resolution in the present setup (∼15 eV at 250 eV and 30 eV at 500 eV) is insufficient for this task.
V. DISCUSSION AND CONCLUSIONS
The essential factor in formation of O 2 + by ionization of CO 2 is shown to be bending towards the requisite molecular configuration in the core-excited state. The lifetimes of a few fs (∼6 fs for CK −1 and 3.5 fs for OK −1 ) are short relative to a full period of the bending vibration, which is 50 fs in the neutral molecule, so initialization rather than completion of bending can be envisaged. Since lifetimes are very similar in the excited state and in the core-ionized state where O 2 + is not produced, the π * orbital's bonding character must play a decisive role. The very weak formation of O 2 + in valence single ionization (cf. Fig. 2 ) may be attributable to partial population of this orbital in inner-valence states. The thermodynamic limit for forming the ion pair C + + O 2 + with zero kinetic energy is 34.8 eV, while for formation of C + O 2 + it is 23.5 eV. The present low resolution and some uncertainty in the energy calibration make it difficult to deduce an experimental onset energy from Fig. 3 or Fig. 4 , but our best estimate (from comparison with the onsets of CO 2 + and CO 2 2+ ) is in the region of 32 eV. If the C + + O 2 + ion pair is born with 6 eV kinetic energy release, which is the most probable energy from Laksman et al. (cf. their Fig. 2 ), this pair cannot appear below 40.8 eV internal energy. Thus, the crude experimental onset again points to an origin partly in single ionization, but one which is well above the thermodynamic limit. This means that as singly ionized products, the fragments must either be in excited internal states or have considerable (∼8 eV) kinetic energy. From the observation of O 2 + with high kinetic energy in single ionization by resonant Auger decay from the C1s-π * resonance we surmised above that capture of a shaken-up electron might be involved. Such capture by a C + ion would probably leave the C atom in an excited state, so this explanation is compatible with high internal energy in the products. Furthermore, even in a bent form of CO 2 , the O-O distance is very unlikely to be the same as in O 2 + , giving a further reason for internal excitation.
On the reason for the different relative intensities of the O 2 + ion from the carbon and oxygen pre-edge resonances, our results lead us to concur with the view that the essential step is strong bending of the molecule in the neutral excited state before Auger decay. The subsequent Auger decay then retains population in parts of the coordinate space inaccessible by vertical transitions from the ground state, which lead to the symmetric products C + + O 2 + . This seems compatible with the observation of S 2 + from normal ionizing transitions in CS 2 , but not in the more rigid OCS or CO 2 . To test this idea it would be interesting to try a pump-probe experiment where the bending mode of CO 2 is highly excited before ionization.
While we cannot pin down the reason for the site-specific effect on the abundance of CO 2 2+ , we have demonstrated the case and hope for a conclusive test in the future. It is, of course, unsurprising that a triatomic molecule reacts in specific ways in distinct quantum states, since internal energy flow is impeded by the low vibronic state density. But whether or not a very high electronic state density, as in multiply charged ions, can compensate for this, remains an open question.
